Human metapneumovirus (HMPV) has emerged as an important human respiratory pathogen causing upper and lower respiratory tract infections in young children and older adults. Recent epidemiological evidence indicates that HMPV may cocirculate with respiratory syncytial virus, and HMPV infection has been associated with other respiratory diseases. In this study, we show that BALB/c mice are susceptible to HMPV infection, the virus replicates in the lungs with biphasic growth kinetics in which peak titers occur at days 7 and 14 postinfection (p.i.), and infectious HMPV can be recovered from lungs up to day 60 p.i. In addition, we show that genomic HMPV RNA can be detected in the lungs for >180 days p.i. by reverse transcription-PCR; however, neither HMPV RNA nor infectious virus can be detected in serum, spleen, kidneys, heart, trachea, and brain tissue. Lung histopathology revealed prevalent mononuclear cell infiltration in the interstitium beginning at day 2 p.i. and peaking at day 4 p.i. which decreased by day 14 p.i. and was associated with airway remodeling. Increased mucus production evident at day 2 p.i. was concordant with increased bronchial and bronchiolar inflammation. HMPV-specific antibodies were detected by day 14 p.i., neutralizing antibody titers reached >6.46 log 2 end-point titers by day 28 p.
Human metapneumovirus (HMPV) is tentatively a member of the Metapneumovirus genus based on genetic sequence similarity to the type species avian metapneumovirus (46) . HMPV was first identified in respiratory specimens from young children hospitalized with mild to severe lower respiratory tract illness (46) , and recent studies indicate that HMPV may cause upper and lower respiratory tract illness in patients between the ages of 2 months and 87 years (5, 6, 8, 23, 49, 50) . The disease burden associated with HMPV infection is not well known and may be complicated by the ability of HMPV to cocirculate with respiratory syncytial virus (RSV) in the community (28, 37, 50) . A recent prospective study of young and older adults hospitalized for respiratory infections during the RSV season showed that HMPV was associated with approximately 11% of the illnesses, was detected in some control patients and adults of all ages, and was the only pathogen isolated from the respiratory tracts of several patients (8) . The substantial disease pathogenesis associated with HMPV infection in young children and older adults (5, 8, 12, (47) (48) (49) emphasizes the need for a better understanding of HMPV immunity and disease pathogenesis.
Recently, several small-animal and nonhuman primate models of HMPV infection have been reported (21, 35 ). An examination of the growth properties of CAN98-75 and CAN97-83 HMPV strains in rodents showed that both strains replicated to high titers in the upper respiratory tract of hamsters (Ն6.0 log 10 ) and to moderate titers in the lower respiratory tract (Ն3.6 log 10 ) (35) . In chimpanzees, HMPV replicated to relatively low titers (1.8 to 2.0 log 10 ); however, infected animals developed mild colds (35) . In a similar study, small-animal models, including mice, cotton rats, hamsters, and ferrets, and two primate species (rhesus macaques and African green monkeys) were evaluated for HMPV replication in the respiratory tract (21) . The results showed that hamsters, ferrets, and African green monkeys supported HMPV replication and produced high levels of HMPV-neutralizing antibody titers; however, BALB/c mice were less permissive following intranasal (i.n.) challenge with 1.3 ϫ 10 6 PFU of HMPV/NL/1/00 in which 2.4 log 10 PFU/g of lung tissue was detected at day 4 p.i. Small-animal and nonhuman primate models, including BALB/c mice, cotton rats, ferrets, guinea pigs, and New and Old World primates, have been used to investigate clinically related human RSV (4, 11, 19, 31, 32, 40) . RSV and HMPV are members of the Pneumovirinae subfamily of paramyxoviruses; however, RSV differs from HMPV by genomic organization. The RSV genome contains two nonstructural (NS2 and NS1) genes followed by nucleocapsid (N), phosphoprotein (P), matrix (M), small hydrophobic (SH), attachment (G), fusion (F), second matrix (M2), and RNA-dependent RNA polymerase (L) genes in the order 3Ј-NS1-NS2-N-P-M-SH-G-F-M2-L-5Ј (20) . In contrast, the HMPV genome lacks nonstructural genes and has a gene order of 3Ј-N-P-M-F-M2-SH-G-L-5Ј (45) . RSV is the most important cause of serious lower respiratory tract illness in infants and young children worldwide, causing repeat infections throughout life with serious complications occurring in the elderly and immune-compromised patients (7, 9, 24) . The evidence that the same or different strains of RSV can cause repeat infections throughout life (25, 39) suggests that RSV does not engender durable immunity, and studies with animal models suggest that RSV infection may result in latency or persistence (41) . For example, human RSV may persist in the guinea pig lung (18) and in murine macrophage cell lines and macrophage culture for weeks or months after infection (13) , and recent studies have shown RSV latency (virus RNA) and persistence (mRNA) in BALB/c mice despite the presence of RSV-specific cytotoxic T lymphocytes and RSV-specific serum immunoglobulin G (IgG) (34) .
In this study, we show that BALB/c mice are susceptible to HMPV infection, that infectious HMPV may persist in the lungs for up to 60 days postinfection (p.i.), and that genomic RNA can be detected for Ն180 days p.i. despite the presence of neutralizing antibodies. Lung histopathology shows predominant mononuclear cell inflammatory infiltration beginning at day 2 p.i. and peaking at day 4 p.i., with airway epithelial injury, remodeling, and mucus production concordant with increased bronchial and bronchiolar inflammation. Antibody depletion of T cells or NK cells resulted in increased HMPV titers in the lungs, suggesting some immune regulation of viral persistence.
MATERIALS AND METHODS
Animals. Four-to six-week-old, specific-pathogen-free female BALB/c mice were purchased from Harlan Sprague-Dawley Laboratories (Indianapolis, Ind.). The mice were housed in microisolator cages and fed sterilized water and food ad libitum.
Virus preparation and cell lines. Vero E6 cells were maintained in tissue culture medium (TCM) consisting of minimal essential medium (MEM; GIBCO Invitrogen, Carlsbad, Calif.) supplemented with 10% fetal bovine serum (HyClone, Logan, Utah). HMPV stocks were prepared in Vero E6 cells. Briefly, subconfluent Vero E6 cells in serum-free MEM were infected with plaquepurified strain HMPV/CAN98-75 (3) (GenBank accession number AY297748) at a multiplicity of infection of 0.1. The virus was allowed to adsorb for 1 h at 37°C after which TCM was added. Infected cells were incubated for 72 h at 37°C until a Ͼ90% cytopathic effect was observed by light microscopy. Infected cells were harvested by removal of the medium and replacement with a minimal volume of serum-free MEM followed by two freeze-thaw cycles at Ϫ70 and 4°C, respectively. The contents were collected and centrifuged at 4,000 ϫ g for 20 min at 4°C to remove cell debris, and the titer was determined by plaque assay as described below.
Infection, sampling, and virus titers. BALB/c mice were anesthetized by intraperitoneal (i.p.) administration of 2,2,2-tribromoethanol (Avertin) and infected i.n. with 10 6 PFU of HMPV. Prior to removal of lungs or tissues on days 0, 3, 4, 5, 7, 10, 14, 28, 60, 90, 150, or 180 p.i., anesthetized mice were exsanguinated by severing the right caudal artery, and the blood was collected for serum antibody analysis. Lung tissue was collected on ice in phosphate-buffered saline (PBS; GIBCO Invitrogen) to determine virus titers or with RNA Later (Ambion, Austin, Tex.) for reverse transcription (RT)-PCR analysis. Since HMPV does not form readily detectable plaques in Vero E6 cells, HMPV titers from homogenized lungs were determined by plaque assay using immunostaining to detect HMPV N protein as previously described (2) . Briefly, HMPV-infected and uninfected lungs were collected, and 1.0 g of tissue was homogenized in 1 ml of PBS with a hand-held Tissuemiser homogenizer (Fisher Scientific, Pittsburg, Pa.). The lung homogenates were placed on ice for 15 min to allow debris to settle. Clarified lung lysates were diluted 10-fold in serum-free MEM (GIBCO Invitrogen), added to 95% confluent Vero E6 cells cultured in serum-free MEM (GIBCO Invitrogen) in 24-well plates (BD Falcon, San Jose, Calif.), and incubated for 1 h at 37°C, followed by TCM overlay. At 72 h p.i., the medium was removed from the cells on the 24-well plates, the wells were carefully washed with PBS, and the cells were fixed with acetone-methanol (60:40). After air drying, the cells were immunostained with affinity-purified hyperimmune serum reactive against a conserved metapneumovirus N protein (amino acid sequence DLSYKHAILKESQYTIKRDV) as previously described (2) . The anti-N protein antibody was appropriately diluted in PBS containing blocking agents (Blotto; Bio-Rad, Hercules, Calif.) and detected by using alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma, The Woodlands, Tex.), and the plaques were enumerated with 3Ј,3Ј-diaminobenzidine (DAB; Vector Laboratories, Burlingame, Calif.). Spleen, trachea, brain, kidneys, heart, and liver were also isolated at each time point and stored at Ϫ70°C in RNA Later for RT-PCR analysis.
Histopathology, mucus staining, and immunohistochemistry. Histopathological examination was performed for lungs, spleen, trachea, brain, kidneys, heart, and liver isolated from HMPV-infected mice. Tissues were fixed in 10% buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin prior to light microscopy observation. To quantitate mucus staining, left lung lobe sections at 100 m from the reference point were stained with alcian blue-periodic acid-Schiff stain to identify mucus-secreting cells as described previously (15) . Briefly, the lung sections were deparaffinized in xylene and hydrated in decreasing concentrations of ethanol. The slides were then stained with alcian blue for 30 min, washed in running water for 5 min, oxidated in 1% periodic acid for 10 min, and washed in running water for 5 min. Following periodic acid-Schiff staining for 10 min, slides were rinsed three times in sodium metabisulfite, washed in running water for 10 min, and mounted following dehydration in ethanol and xylene.
For immunohistochemical staining of the airway epithelial cell marker, Clara cell secretory protein (CCSP) lung sections were prepared as described previously (16, 17) . Briefly, 5-m lung sections were deparaffinized in xylene and hydrated in graded ethanol followed by deionized water. Endogenous peroxidase activity was blocked by incubating the sections in 2% hydrogen peroxide in methanol for 1 min. Sections were stained overnight with primary rabbit antibodies against rat CCSP (a generous gift of Barry Stripp, University of Pittsburgh), rinsed in physiologic buffer, and incubated with secondary goat antirabbit antibodies conjugated to biotin. A streptavidin-conjugated peroxidase detection system (Vector Laboratories) was used to visualize antibody-binding complexes following incubation with diaminobenzidine. Multiple sections from each tissue block were analyzed with light microscopy.
HMPV ELISA. Vero E6 cell lysates from uninfected and HMPV-infected cells were prepared as described above. Cell lysate supernatants were assayed for protein concentration by bicinchoninic acid protein analysis (Pierce Biotechnology, Inc., Rockford, Ill.) and diluted to 100 g/ml in carbonate-bicarbonate buffer (pH 9.6), and 100 l of infected or uninfected cell lysate was added to appropriate wells of an enzyme-linked immunosorbent assay (ELISA) plate (Immulon-2; Dynex Technologies, Inc., Chantilly, Va.). The plates were incubated at 4°C overnight, the supernatants were removed, and the wells were washed three times with PBS-0.05% Tween (PBS-T) and blocked with 150 l of 5% dry milk-PBS (blocking buffer)/well. Pooled sera (n ϭ 3 to 5 mice per time point) collected at various time points after HMPV infection were serially twofold diluted in blocking buffer, 100-l dilutions were added in triplicate to wells of an ELISA plate, and the plate was incubated for 1 h at 37°C. The wells were washed three times with PBS-T and incubated with 100 l of alkaline phosphatase-conjugated goat anti-mouse IgG (Sigma) diluted in blocking buffer for 1 h at 37°C. Subsequently, the wells were decanted and washed three with PBS-T, and the reactions were developed with pNpp substrate tablets (Sigma). Absorbance was measured at 415-and 630-nm wavelengths and plotted versus days postinfection. Antibody end-point titers were determined according to the method of Reed and Muench (33) and reported as the mean reciprocal log 2 Ϯ standard deviation (SD). At least three separate ELISA assays were performed for each experiment.
HMPV neutralization assay. HMPV-neutralizing antibody titers were determined by using an end-point dilution plaque reduction assay. Briefly, pooled serum (n ϭ 3) collected from each time point after HMPV infection was diluted twofold in serum-free MEM and mixed 1:1 (vol/vol) with 10 4 PFU of HMPV. Reaction mixtures were incubated for 1 h at 37°C and added to 95% confluent Vero E6 cells in serum-free MEM in 24-well plates for 1 h at 37°C followed by TCM overlay. At 72 h p.i., the medium was removed from the cells, the wells were carefully washed with PBS, and the cells were fixed with acetone-methanol (60:40). After air drying, the cells were immunostained with anti-N protein antibody as previously described (2) . The neutralizing antibody titers were calculated as the reciprocal of the highest serum dilution that showed 60% reduction (relative to the virus control) in the number of foci per well. Neutralizing antibody end-point titers were determined according to the method of Reed and Muench (33) and reported as the mean reciprocal log 2 Ϯ SD. At least three separate ELISA assays were performed for each experiment.
RT-PCR analysis of HMPV-infected lung tissue. Total RNA was isolated from HMPV-infected BALB/c lung tissue by utilizing a commercial RNA isolation kit (Totally RNA; Ambion) according to the manufacturer's protocol. Briefly, RT-PCR primers were generated to the matrix (M) gene of HMPV/CAN98-75 (accession number AY145259). HMPV M gene forward primer (5Ј-AACTGTG GCACTTGATGAATAC-3Ј) and HMPV M gene reverse primer (5Ј-GCTGAT GCTCTCGGCTTGAA-3Ј) were used for RT followed by 35 cycles of PCR. For RNA quality control, the housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was amplified by using the GAPDH forward primer (5Ј-GGGTGGAGCCAAACGGTC-3Ј) and GAPDH reverse primer (5ЈGGAGTT GCTGTTGAAGTCGCA-3Ј). The expected fragment size for the HMPV M gene and GAPDH were 443 and 532 bp, respectively. RT-PCR amplimers were analyzed in a 1.0% agarose gel by gel electrophoresis at 125 V for 1 h, visualized by ethidium bromide staining, and photographed on a UV transilluminator with a Polaroid camera (Fisher Scientific).
Antibody depletion studies. To deplete T cells, mice were treated i.p. with 150 g of purified anti-CD3ε monoclonal antibody (clone 145-2C11; Accurate Chemical & Scientific Co., Westbury, N.Y.) and purified anti-␣␤TCR monoclonal antibody (clone H57-597) diluted in PBS. To deplete NK cells, mice were treated i.p. with 150 g of purified anti-CD49b/Pan-NK cell monoclonal antibody (clone HM␣2; BD Pharmingen, San Diego, Calif.). Control mice were treated with 150 g of normal hamster Ig (Sigma). Mice received 150 g of antibody treatments at day Ϫ3 and day Ϫ1 prior to HMPV infection and at day 1 p.i. Lungs, spleen, and sera (n ϭ 3 per treatment) were collected at day 7 p.i., and HMPV lung titers were determined by plaque assay and immunostaining as described above. For day 28 and day 60 time points, mice were similarly treated; i.e., 150 g of antibodies was administered i.p. at days 25 and 27 p.i. or at days 57 and 59 p.i., respectively. To confirm cell depletion, spleen cells (n ϭ 3 per treatment) were collected and appropriately stained with fluorescein isothiocyanate-or phycoerythrin-conjugated anti-CD3 (clone 17A-2) or anti-Pan-NK (clone DX5) antibody. The distribution of cell surface markers was determined from Ն10,000 events in two-color mode on a FACScan with CellQuest software (Becton Dickinson, Mountain View, Calif.), which revealed that Ͼ98% of the cells were depleted.
Statistical analysis. Lungs were collected from three animals per time point per experiment in three to four separate experiments. For virus titer, antibody neutralization, and ELISA assays, all experiments were performed in triplicate, and the mean values Ϯ SD determined for three separate assays. Statistical significance was determined by using a Student's t test, where a P value of Ͻ0.05 was considered statistically significant.
RESULTS
HMPV infection is associated with weight loss. To determine if HMPV infection mediated illness, BALB/c mice were infected i.n. with 10 6 PFU of HMPV, and the virus titers in the lungs and weights of the mice were determined at days 0, 2, 3, 4, 5, 7, 10, 14, 28, 60, 90, and 180 p.i. Illness was also assessed by visual examination for ruffled coat, huddling, and heavy breathing. The level of illness associated with weight loss was linked to the level of virus replication (Fig. 1A) . HMPV replicated in the lungs with biphasic growth kinetics reaching peak virus titers at days 7 p.i. (10 8 PFU/g of lung tissue) and declining to 10 5.8 PFU/g of lung tissue at day 10 p.i. followed by a second peak virus titer at day 14 p.i. (10 7 PFU/g of lung tissue). Concordantly, peak weight loss occurred at day 7 p.i. (23.5% loss of body weight), improved at day 10 p.i. (13.2% loss of body weight), and then increased again at day 14 p.i. (16.0% loss of body weight). At day 28 p.i., considerable virus titers (10 4.1 PFU/g of lung tissue) were detected in lung tissue; however, the weights of infected mice returned to a normal range, i.e., a 3.0% loss in body weight, and virus titers eventually (Fig. 1B) , suggesting the possibility of latent HMPV infection. Congruent with virus titers and weight loss, peak illness assessed by visual examination for ruffled coat, huddling, and heavy breathing occurred at days 7 and 14 p.i., with no obvious signs of illness observed after day 28 p.i. Mice treated i.n. with a 10 6 PFU equivalent of inactivated HMPV or uninfected Vero E6 cell lysate did not exhibit weight loss or other signs of illness.
To determine if HMPV was present in tissues other than the lung or associated with viremia, the presence of infectious virus and genomic RNA was examined in the serum, spleen, trachea, brain, kidneys, heart, and liver at days 0, 2, 3, 4, 5, 7, 10, 14, 28, 60, 90, and 180 p.i. No infectious virus or genomic RNA detected by RT-PCR was evident in any specimen examined, suggesting HMPV tropism for lung tissue.
HMPV replication in the presence of neutralizing antibody. Since substantial titers of infectious HMPV could be recovered from the lung tissue at day 28 p.i. (Fig. 1A) , we examined the antibody response to infection. Serum and neutralizing antibody titers to HMPV were determined at days 0, 3, 5, 7, 14, 28, 60, 90, 150, and 180 p.i. (Table 1 ). An appreciable HMPVspecific antibody response was detected at day 14 p.i. and peaked at day 28 p.i. (Table 1 ) and remained high throughout the time course of HMPV infection, i.e., day 180 p.i. (Fig. 2) . Similar kinetics were observed for serum-neutralizing endpoint titers which were detected at day 14 p.i. (Ն6.40 log 2 ), peaked at day 28 p.i. (Ն7.04 log 2 ), and remained high throughout the time course of infection ( Table 1 ). The mean neutralizing antibody titer from individual HMPV-infected mice (n Ն 6) was similar to the mean neutralizing antibody titer in pooled sera from HMPV-infected mice (n ϭ 3 to 6), a finding consistent with results previously reported for HMPV-infected hamsters (35) . These results indicate that infectious HMPV persists in the lungs despite the presence of a neutralizing and anti-HMPV antibody response.
HMPV infection is associated with histopathology and airway remodeling. The magnitude of histopathology associated with HMPV infection was examined at days 0, 2, 4, 7, 10, and 14 p.i. (Fig. 3) . Microscopic examination of HMPV-infected lungs showed increased inflammatory cell infiltrates, predominantly by mononuclear cells, in the lung interstitium beginning at day 2 p.i. (Fig. 3B) . The intensity of inflammation peaked at day 4 p.i. (Fig. 3C ) and decreased slightly between day 7 (Fig.  3D) and day 14 (Fig. 3F) p.i. No histopathological changes were observed in brain, heart, liver, spleen, and kidney (data not shown).
Airway epithelial cell changes during HMPV infection were assessed to determine the concordance between pathogenesis in the airways and the development of pneumonia. Histological staining of epithelial mucosubstances (Fig. 4A and B) and immunohistochemical staining of the nonciliated airway epithelial cell marker CCSP (Fig. 4C and D) were visualized by light microscopy of histological lung sections. Mucosubstances were not apparent prior to infection (day 0), consistent with the lack of observable mucus cell metaplasia in the naïve murine airway epithelium. In contrast, mucus production peaked at day 2 p.i. (Fig. 4B) , with mucus production still detectable at day 4 p.i. but not apparent thereafter (data not shown). Increased mucus production was concordant with increased bronchial and bronchiolar inflammation. Immunohistochemical staining revealed that CCSP is readily apparent in airways of naïve mice (Fig. 4C) . Following HMPV infection, airway epithelial injury and remodeling were observed, characterized by an altered CCSP staining pattern, increased myofibroblast thickening adjacent to the airway epithelium, and staining of cellular debris in the airways (Fig. 4D) . The marked staining of CCSP in airway plugs is consistent with airway epithelial injury and sloughing following HMPV infection. Increased airway epithelial damage, as indicated by altered CCSP staining patterns in the airways and observations of cellular debris in the airway lumens, peaked at day 2 p.i., was diminished at day 4 p.i., and was not apparent thereafter (data not shown). Based   FIG. 2 . HMPV-specific antibody response. HMPV-specific antibodies were quantitated by ELISA following intranasal infection of BALB/c mice. Each time point represents the mean optical density (OD) Ϯ SD from three separate experiments using three mice per experiment. a BALB/c mice were intranasally infected with 10 6 PFU of HMPV. Sera were collected (n ϭ 3) at the time points indicated, pooled, and assayed for end-point antibody titers and neutralization of HMPV infection of Vero E6 cells as described in Materials and Methods. Data are presented as the median reciprocal log 2 end-point antibody titers or neutralizing antibody titers Ϯ SD from three separate experiments using three mice per experiment. Fig. 1 and Table 1 ) suggested that HMPV infection may be controlled in part by cytotoxic leukocytes which include T cells and NK cells. To examine this possibility, BALB/c mice were antibody depleted of T cells or NK cells prior to HMPV infection (10 6 PFU), and the lung virus titers were determined at days 7, 28, and 60 p.i. (Fig. 5) . At day 7 p.i., moderately higher levels of infectious HMPV were detected in mice depleted of T cells (10 7.5 PFU/g of lung tissue) or NK cells (10 7.2 PFU/g of lung tissue) compared to normal Ig-treated mice (10 6.5 PFU/g of lung tissue), suggesting that these cell types contribute to limiting the early phase of HMPV replication. To investigate the role of these cell types in the later phases of HMPV infection, i.e., persistence, HMPV-infected mice were treated with antibody to deplete T cells or NK cells 3 days prior to lung harvest at day 28 or day 60 p.i. At day 28 p.i., significantly higher (P Ͻ 0.05) HMPV lung titers were detected in T-celldepleted (10 7 PFU/g of lung tissue) and NK-cell-depleted (10 8 PFU/g of lung tissue) mice than in normal Ig-treated mice (10 4.1 PFU/g of lung tissue) (Fig. 5) . Similar results occurred at day 60 p.i., during which significantly higher (P Ͻ 0.05) HMPV lung titers were detected in T-cell-depleted mice (10 4 PFU/g of FIG. 4 . Airway epithelial changes following HMPV infection. Levels of mucus production (A and B) and the airway epithelial cell marker CCSP (C and D) were determined in lung sections from mice at day 0 (A and C) and day 2 (B and D) after HMPV infection. Mucus production (pink to purple staining) is apparent in the airways of mice. CCSP staining (brown to black staining) is associated with altered airway epithelial morphology and staining of cell debris in the airway lumen (D). Magnification, ϫ300.
lung tissue) and NK-cell-depleted mice (10 4 PFU/g of lung tissue) than in normal Ig-treated mice (10 1 PFU/g of lung tissue). These results suggest that both T cells and NK cells have a role in limiting early and late HMPV replication, and the 10-fold increase in HMPV lung titers in NK-cell-depleted mice (10 8 PFU/g of lung tissue) compared to those of T-celldepleted mice (10 7 PFU/g of lung tissue) at day 28 p.i. suggests that NK cells may have a foremost role in regulating HMPV persistence.
DISCUSSION
HMPV is a newly recognized human respiratory pathogen that causes a spectrum of respiratory illnesses ranging from asymptomatic infection to severe bronchiolitis in very young and older patients (5, 6, 8, 23, 49, 50) . Genotype analysis indicates that there is little difference among HMPV isolates from patients in different areas of the world (22, 26, 28) , suggesting global distribution. Little is known about HMPV pathophysiology or tropism, but HMPV infection appears to have clinical disease features similar to those of RSV. Seroprevalence studies have shown that 25% of all children aged 6 to 12 months who were tested in The Netherlands had detectable antibodies to HMPV, and by 5 years of age, 100% of patients showed evidence of past infection (28) . These studies suggest that HMPV, like RSV, is an important human respiratory pathogen which requires investigational studies to better understand the biology of the virus and associated disease pathogenesis.
In this study, we investigated BALB/c mice as a model for HMPV infection and show that BALB/c mice are susceptible to infection, HMPV replicates in the lungs with biphasic growth kinetics in which peak titers occur at days 7 and 14 p.i., and infectious HMPV can be recovered from lungs up to day 60 p.i. In addition, we show that genomic HMPV RNA can be detected in the lungs for Ն180 days p.i. by RT-PCR; however, neither HMPV RNA nor infectious virus can be detected in serum, spleen, kidneys, heart, trachea, or brain tissue. To some extent, the kinetics of early HMPV infection are similar to what has been shown for RSV infection in BALB/c mice. For example, intranasal administration of a high-titered RSV inoculum results in replication in the lungs and nasal passages, with peak lung virus titers occurring between days 5 and 7 p.i. (11, 40) . RSV titers up to 10 6.9 PFU/g of lung tissue can be attained in older mice (11) ; however, RSV titers recovered in 6-to 12-week-old mice generally range between 10 4.5 to 10 6 PFU/g of lung tissue, and the virus is cleared between days 7 and 10 p.i. (11) . HMPV lung replication differs from that of RSV in that HMPV has a biphasic replication pattern. BALB/c mice intranasally inoculated with 10 6 PFU of HMPV have an initial peak virus titer at day 7 p.i. (10 8 PFU/g of lung tissue) which subsequently declines to 10 5.8 PFU/g of lung tissue at day 10 p.i. but is followed by a second peak virus titer at day 14 p.i. (10 7 PFU/g of lung tissue). Since neither infectious HMPV nor HMPV RNA was detected in the serum or the other tissues examined in this study, HMPV, like RSV, replicates in the lungs but is not cleared with the same kinetics as RSV, i.e., between days 7 and 10 p.i. In addition, HMPV persists in the lungs of infected mice up to day 60 p.i., exhibiting titers of 10 4 PFU/g of lung tissue at day 28 p.i. and 10 1 PFU/g of lung tissue at day 60 p.i. In a recent study, four small-animal models (BALB/c mice, hamsters, cotton rats, and ferrets) were tested for permissiveness to HMPV infection; however, only hamsters and ferrets supported high-titer replication (4 to 5 log 10 PFU/g of lung tissue) of HMPV/NL/17/00, with neutralizing antibody titers ranging from 3 to 8 log 2 per animal, and no animal model examined exhibited signs of illness (21) . In contrast, we show that BALB/c mice are readily infected with HMPV/CAN98-75; infection is associated with early lung histopathology, weight loss, and the development of a neutralizing antibody response; and infectious virus persists in the lung up to day 60 p.i. These results suggest that HMPV strain differences may affect host replication permissibility and disease pathogenesis. An examination of HMPV permissiveness in rhesus macaques and African green monkeys has shown that African green monkeys are most permissive for HMPV/NL/17/00, HMPV/CAN98-75, and HMPV/CAN97-83, although infections in nonhuman primates do not appear to mimic human disease signs (21, 35) . Interestingly, an examination of the level of replication and immunogenicity of HMPV/CAN98-75 and HMPV/CAN97-83 in African green monkeys revealed that HMPV replicated to high titers in the lower respiratory tract of infected African green monkeys, the infected monkeys developed high titers of serum-neutralizing antibodies, and the two HMPV genetic lineages were found to be highly antigenically related, i.e., 64 to 99%, in heterologous challenge studies (21, 35) .
In this study, HMPV infection in BALB/c mice was associated with extensive histological changes in the lungs and airway remodeling, features that are also associated with RSV infection in BALB/c mice (10, 27, 40) . In addition, HMPV infection was associated with some pathophysiologic parameters associated with exacerbated lung disease, i.e., airway remodeling and mucus production, and, like RSV, induced increased CCSP expression (51) . These results suggest that HMPV may infect the small airways and interact with Clara cells in the bronchioles. Consistent with this possibility, HMPV infection was associated with airway epithelial injury and remodeling that was characterized by an altered CCSP staining pattern, increased myofibroblast thickening adjacent to the airway epithelium, and staining of cellular debris in the airways. Several lines of evidence suggest that RSV infection may result in latency or persistence, including detection of RSV proteins and genomic RNA in the lungs of RSV-infected guinea pigs for Ն60 days p.i. (18) , in murine macrophage-like cell lines and macrophage cultures (13) , and in B lymphocytes following infection with bovine RSV (44) . Recent RT-PCR studies examining RSV persistence in BALB/c mice have shown the presence of genomic RNA and mRNA encoding the G and F glycoproteins, the matrix protein, and NS1 and NS2 proteins in lungs of BALB/c mice up to 100 days p.i. despite the presence of RSV-specific cytotoxic T lymphocytes and RSVspecific serum IgG (34) . Interestingly, low levels of infectious RSV were recovered from the lungs of some mice depleted of T cells 150 days postinfection, suggesting that RSV persists by means of low-grade replication in the lungs. These findings are similar to what is reported in this study for HMPV infection of BALB/c mice; i.e., genomic RNA detected Ն180 days p.i. in the lungs of infected mice, HMPV replication in the presence of serum and neutralizing antibodies, and antibody depletion of T cells or NK cells at late time points postinfection, i.e., day 28 or day 60 p.i., result in increased HMPV titers in the lung. These studies suggest that BALB/c mice are a useful smallanimal model to study the pathophysiology associated with acute or persistent HMPV.
The results from this study are similar to those of a recent study showing that RSV may persist in the lungs of BALB/c mice despite an established immune response (34) . Viruses that persist despite an ostensibly intact immune response have been shown to use a variety of strategies including immune evasion, mimicking host proteins, and replicating at immuneprivileged sites (1) . Nothing is known about the mechanisms that HMPV may use to persist; however, a recent study has shown that RSV may resist host antiviral mechanisms by modulating the type I interferon pathway by mechanisms associated with the expression of nonstructural NS1 and NS2 proteins (36) , through G glycoprotein CX3C chemokine mimicry (43) , and by displaying a conformationally altered mature envelope protein that is less susceptible to an anti-F glycoprotein neutralizing antibody response (29) . In addition, G glycoprotein expression is associated with abherrent cytokine and altered chemokine mRNA expression in pulmonary leukocytes responding to infection as well as altered pulmonary leukocyte trafficking (42) . In this study, depletion of T cells or NK cells was associated with significantly increased HMPV titers in the lungs of depleted mice, suggesting that these cell types contribute to HMPV immune surveillance and control. One possible explanation for the ability of HMPV to replicate in the presence of a neutralizing antibody response may be antigenic variation of neutralizing epitopes. It is known that the RSV G glycoprotein exhibits extensive antigenic and genetic diversity, and variations exist not only in gene coding sequences but also in the signals that control gene expression (14, 38) . It is possible that the known genetic diversity in the HMPV G glycoprotein (30) may contribute to antigenic variation of neutralizing epitopes. It is also possible that HMPV may persist in immune-privileged sites such as neurons or macrophages. Since the HMPV genome does not contain NS1 or NS2 genes (45) , it is unlikely that HMPV modulates the type I interferon pathway in a fashion similar to that of RSV (36); however, it is possible that other HMPV proteins may alter the antiviral cytokine or chemokine response.
In summary, the development of a highly reproducible small-animal model for HMPV infection, i.e., the BALB/c mouse model, will likely be beneficial to advance our understanding of the pathophysiology associated with HMPV infection as well as the mechanisms that contribute to immunity and disease pathogenesis.
